We hypothesize that a cylinder implant made of multilayer Poly-lactic-co-glycolic-acid (PLGA) membrane can be a method for controlled and extended drug release. We fashioned a multilayer cylindrical implant termed STID100 that released doxorubicin for 3 weeks in an orthotopic 4T1 breast cancer model in Balb/C mice. This implant starts as a thin doxorubicin-embedded PLGA membrane, and is then rolled into a cylinder containing an air gap between the membrane layers. Its controlled sustained release delivered 2× the amount of the intravenous (IV) equivalent of doxorubicin, inhibited the primary tumor, and prevented lung metastasis. Importantly it did not cause weight loss, splenomegaly, or cardiac toxicity vs systemically administrated doxorubicin. This favorable safety profile is further substantiated by the finding of no detectable plasma doxorubicin in multiple time points during the 3-week period, and low tumor doxorubicin concentration. The implant system delivered to the specification of an ideal pharmacological paradigm might offer a better coverage of the local tumor, significantly preventing metastatic spread with less drug toxicity to many vital organs, compared to the traditional pharmacology of IV route. The profile of STID made it an attractive therapeutic alternative in metastatic tumor prevention, pain management * Corresponding author.
Introduction
A therapeutic implant for localized disease should have many advantages over its IV or oral equivalent: minimal systemic side effects; elimination of daily dosing and maintenance of steady state drug concentration; better patient comfort and compliance, and only local drug delivery [1] [2] . This would also have high applicability for a host of chronic diseases in addition to cancer [3] .
Poly-lactic-co-glycolic-acid copolymer (PLGA) has been a favorite vehicle for such implants. It has been extensively used in orthopedic implants with a proven safety record. It is completely biodegradable and absorbable, generating minimal or no immune response, and is FDA approved for animal and human use [4] . Early on, it has been realized that drugs in PLGA tend to have a huge initial burst release (90% release in 1 st 3 days), followed by a slow, often unpredictable core erosion release [5] - [7] . One way to overcome this challenge is through micro or nano particles [8] . The major problem is the elaborate process. The drug will go through several steps of dissolution in solvents, cross linking by chemical or thermal exposure (usually high temperature), followed by vacuum-mediated solvent removal with heat if necessary. For each drug, a unique manufacture process needs to be developed to each particular therapeutics [5] [9] .
Another way is using different geometrical solid forms [10] - [12] , but all require a complicated fabrication process. For example, Ortiz et al. made a cylindrical PLGA implant of 0.8 mm diameter × 8 mm long containing doxorubicin for placement in dog prostate [13] . The production process involved extrusion and required an elevated temperature. Fung et al. made a disc form of PLGA 1 mm thick × 10 mm diameter containing Paclitaxel and tested it in monkey brains. The process involved multiple steps of mixing drug and polymer, drying, and high pressure up to 8000 p.s.i. [14] .
Many innovative research efforts have tried different approaches to simplify the manufacturing process and to smooth out the drug release profile [9] [15] . These efforts are summarize in Table 1 . Each technology has made strides towards the aim of smooth extended release to one degree or another. But the translation of those technologies into useful treatments has been slow to realize.
To address these deficiencies, we developed a simpler system to construct a solid therapeutic implant device with layered PLGA membranes. As shown in Figure 1 , our prototype starts with a panel of thin PLGA membrane with the drug of interest evenly distributed inside the membrane. It is then rolled from one end into a multilayered cylinder in one simple step at or near room temperature. The multilayer structure theoretically can function as extended release concept because the drugs in the inner layer need to cross the outer layers to reach to the target tissue just outside the implant. The relationship of the number of layers vs time can be approximated by the equation below.
The therapeutics must diffuse across the membrane layers shown in Figure 2 . There are 2 inter-material cross sections for each membrane. If the membrane is spaced by air, then the inter-material cross section will be air vs membrane. If the inter membrane was filled with tissue fluid, then the inter-material cross section will be tissue fluid vs membrane. There will be a specific coefficient for each therapeutic to the inter-material cross sections. The coefficient is determined by the physical character of the two interfacing material, and can be measured. The more layers a therapeutic has to cross, the longer it will take. Therefore therapeutic rate of release is inversely related to the number of the layers and correlated with the coefficients as shown in the equation.
Diffusion coefficient of the therapeutic for the intermaterail crosssection Rate of release Number of intermateral crosssections ∝ Another advantage of our multilayered solid therapeutic implant device (STID) is its simplicity of construction. The drugs do not have to be evenly distributed within the membrane, but can be painted or printed on just Illustration of mechanism of extended release for STID. Left is a 3 dimensional drawing of STID 100. Middle is a longitude section showing the multilayer membranes, and the diffusion direction (the arrow) of the therapeutics (represented by the dots). Also showing is the air layers between the membrane, and the capillary seal at the end of the membrane layers. Right is the count of the cross sections the therapeutics has to diffuse through, and rate of release of the therapeutics is affected by the cross sections. A uniformly solid cylinder implant will have an intrinsic problem in achieving linear extended release of embedded therapeutics. As shown in Figure 1 , the outer region of the cylinder has a bigger diameter and the initial burst release will contain a larger portion of the drug than any subsequent release from the inner portion of the cylinder. Our multilayered membrane cylinder has the physical properties to overcome this intrinsic problem. Before rolling into final shape, a higher amount of drug can be place in the inner portion of the membrane relative to what will become the more outer portions to facilitate a more steady-state release.
An obvious application for such an implant is local, or regional chemotherapy for solid tumors. The current FDA-approved method for delivering drugs to solid tumors is still systemic administration, either by parenteral (intravenous) infusion, or oral intake. Many studies have indicated systemically administered drugs fail to penetrate solid tumor tissue evenly and are a major reason for therapy failure [16] - [18] . This uneven drug distribution occurs for several reasons but can be microscopically verified and may permit in the tumor tissue a seeding area for tumor relapse in the future [19] . On the temporal side, the effective concentration of chemotherapy needs to be sustained for an extended period of time. It has been estimated that around 10% to 15% of tumor cells are actively proliferating and susceptible to chemotherapeutics at a given time [20] . Drug exposure in this manner leads to higher resistance and is yet another way tumor cells to escape. Placement of a solid chemotherapy implant within or near the tumor mass might address this dilemma [21] .
To test our construct, we chose doxorubicin, a still widely used anthracycline antibiotic with potent chemotherapeutic properties. It is effective against several cancers including breast and prostate [22] . Unfortunately, it has many systemic side effects that limit its usage, notably the dose-accumulative cardiotoxicity [23] . To test our multilayered PLGA implant, we generated orthotopic breast tumors in Balb/c mice by injecting the aggressive murine mammary carcinoma 4T1 cells. We constructed the doxorubicin impregnated devices and placed them proximal to the 4T1 tumors. We found a construct that achieved these goals: effective suppression of tumor growth with minimal systemic side effect; and an initial pharmacological profile close to an ideal paradigm.
Materials and Methods

Chemical Reagents
Doxorubicin was purchased from Fisher Scientific, Pittsburg, PA. PLGA was purchased from Akina, Inc. West Lafayette, IN. Chloroform and acetyl nitrile were purchased from GFS chemical, Powell, OH.
STID100 and STID102 Construction
The biodegradable polymer is poly-lactic-glycolic copolymer (PLGA), with the ratio of lactic acid: glycolic of 85:15, and the average molecular weight of 55 K Dolton. 55 mg of the polymer and 5.5 mg of doxorubicin was dissolved in 3 ml of chloroform. The solution is then spread on a Taflon non-nonstick surface in a circle about 1 cm diameter, and air dried in a laminar flow hood for 6 hour at 0 celsius degree for STID100, or room temperature for STID102. The dried membrane is fold in half along a 1/32 inch (0.81 mm) diameter copper rod and rolled 3 times as showed in Figure 3 . The highly volatile chloroform vaporized within 30 min. All the final membrane thus formed were collected and weighed to make sure their weight is less than the beginning material without the chloroform.
Cell Culture
4T1 cells were maintained in RPMI supplemented with 10% calf serum and 5% CO 2 . For tumor implantation, cells in log phase growth were trypsinized, counted, and stored on ice until fat pad injection. 2 × 10 4 or 1 × 10 5 cells in 50 -100 µl were injected. Animal care, mice breast fat pad implant procedure, blood and tissue collection. 10-week-old female Balb/C mice were purchased from The Jackson Laboratory and housed in Purdue's AAALAC-accredited mouse facilities. All animal experimentation was performed under an Institutional Animal Care and Use Committee-approved protocol.
For each study, all mice are acclimated for one week before experimentation. They are then weighed and randomly divided into the three groups, with equal average starting weight. Mice were anesthetized and a 1 cm incision was made along the right pectoral group of nipples. A suitable fat pad was identified and injected with 4T1 cells, and the implants were placed at the same time near the fat pad. For the time lined test, the implants were placed 3 days later with re-incision by a 2 nd anesthesia. The skin was closed with a 5 -0 absorbable suture and reinforced with a surgical clip. The animals were then recovered from the surgery and observed for the next 21 days for tumor growth. The surgical clips were removed at 7 days post operation. The positive control groups received intravenous (IV) tail or intraperitoneal (IP) injection of doxorubicin every 2 to 3 days for 2 weeks for a total 320 µg, or otherwise indicated in the results section. The negative control group was given a placebo injection of phosphate buffered saline (PBS). Animals were observed daily for health per facility routine.
All the animals were weighed at beginning of the test and randomized to 3 groups so that all groups had about equal average weight at Day 0. Weight data then collected every 2 -4 days for each animal, together with measurements of tumor size with a caliper.
Retro-orbital blood samples were collected by a heparin coated capillary tube at the indicated time, either post 2 or 24 hour of IP doxorubicin dosing for all animals. After centrifuge at 5000 rpm, about 25 microliter of plasma were collected and assayed for doxorubicin concentration. For Troponin test, terminal blood was collected by inferior vena cava, or rapid decapitation to avoid cardiac trauma.
Pathology
At about 21 days post implant, mice were euthanized and heart, lung, spleen, and tumor were dissected out and examined. Individual metastasis lung nodules were counted. Heart, lung, and tumor samples were formalin fixed, and then paraffin embedded. Standard 5 µm section slide were made and stained with hematoxylin and eosin for microscopic examination.
Doxorubicin and Troponin Measurement
The implants containing doxorubicin were completely dissolved in 1 ml of acetyl nitrile. Then 3 ml of water is added. The precipitates containing the PLGA polymers were spin down at 10,000 rpm for 20 min. 100 micro liter of the clear supernatant were then loaded to an Agilent Technology 6130 Quadrupole LC-MS with a Phenomenex Kinetex2 50 × 4.6 mm column. Mobile phase is 75:25 methanol: 0.1% formic acid in water, gradient adjusted to detect doxorubicin MW around 543 [24] . Internal control showed the extraction above 90%.
Retro orbital blood was collected from the specified time period with the heparin coated capillary tube. The blood was the spun for 5000 rpm for 5 min, the plasma collected were subjected for doxorubicin assay as described above.
For plasma doxorubicin measurement: 25 µl of retro orbital blood collected as above (diluted to 25 mcl total with standard serum if necessary, then later corrected for volume) were loaded to a AB Sciex API4000/5000/ 5500 mass spectroscopy with an auto-sampler from Shimadzu, Prominence. The column is Atlantis dC18 50 × 2.1 mm, 5 µm particle size, maintained at 35˚C. The mobile phase A (MPA): 0.1 formic acid in water. The mobile phase B (MPB): 0.1% formic acid in ACN: methanol (50:50), with flow rate of 0.7 mL/min, and 35% of MPB initially.
Tumor tissue doxorubicin extraction: tumor tissue was cut into small pieces and suspends in 10% wt/vol 2N HCl, and homogenized in a 2 ml Potter-S homogenizer. 200 µl of the homogenates was then add to 50 µl Triton X-100, and 870 µl of Isopropanol, extracted overnight in −20 degree [25] . The samples were then spun 13,700 rpm for 20 min at room temperature, the supernatant were assayed for doxorubicin concentration by fluorescence emission 590 nm with excitation 470 nm. A Spectro Max M5 96 well plate reader was used.
Mice tropon in levels were measured by an Ultra Sensitive Elisa kit from the Life Diagnostic, West Chester, PA 19380. A Promega plate reader was used.
Statistical Analysis
Anova analysis, student T test are performed with Microsoft Excel 2010.
Results
One of the major concerns using implants containing a high dose of chemotherapy agent is local tissue irritation, skin degradation, and inability to heal the surgical site. Implant constructs containing serial dosages of doxorubicin were placed subcutaneously in mice flank or breast. With the size of 1 mm diameter and 10 mm long, the implants containing about 750 µg are well tolerated. Various cylinder implants around these perimeters were then constructed and placed near orthotopic 4T1 cells in juvenile female fat pads for 21 days to suppress tumor growth. This served as a screen tool to identify the right construction. PLGA with molecular weight range of low of 7 KD to high of 100 KD, and varying LG ratio were tried. The initial tests were negative until we tried STID100 (Figure 4) , underscore the difficulty of local cancer treatment. One of the typical versions of implants that tested negative is STID102, shown in Figure 4 . Under the same grafting procedure, STID102 has no tumor suppression effect.
The one-time treatment of the STID100 implant suppressed the primary tumor 68%, vs the IV doxorubicin's 44% (4 × 4 mg/kg dosing, a total of 320 mcg) in 5 independent test total 66 mice, shown in Figure 4 and Tables 2-4. In the experimental setting of Figure 4 , 10 5 4T1 cells were injected into the right breast fat pad, the STID implants were placed at the same time. The animals were all subject to one anesthesia. It showed that the separation of tumor growth started early and was sustained throughout the 21 day period.
The STID 100 contained about 877 mg of doxorubicin, double the amount of the total doxorubicin given to the mice as a positive control group. The PLGA in STID100 has MW 55 KD, and a lactide vs glycolide ratio of 85:15. It is in the middle range of many PLGA choices. But the most unique aspect of STID100's creation compared to all the failed implants is the temperature at the time of membrane formation. Instead of room temperature, the PLGA polymer and doxorubicin mixture was placed on a 0˚C plate and air-dried. The membrane thus formed is smooth, and not sticky to the touch. When it is rolled into the final cylinder shape, it has a bit more recoil, but is still able to stay in the cylinder shape. STID102 has the same membrane material, same dosage of doxorubicin, same dimensions, and same layered cylinder structure as STID100, but the membrane was dried at the room temperature.
The measurement of a typical batch of implant STID100 is summarized in Table 2 . Most of the volume in the 10 mm long × 1 mm diameter cylinder is air, above 69%. The malleability of the membrane is such that it can stay in cylinder configuration once rolled up without being totally reduced to a flat sheet of the membrane. Given the fact of malleability and non-stickiness, we assume the air is evenly distributed within the multilayered structure. The specific measurement of STID102 is similar to that of STID100 in terms of length and diameter. Therefore, STID102 has comparable air volume. The main difference is the stickiness of the implant. The STID 102 inter membrane layers stick to each other more than in STID100. Once it is made, STID102 has less recoil than STD100, and it cannot be easily reduced to its original sheet without some major damage.
The length of the study is limited by the concern for animal's wellbeing, when the 4T1 tumor grows too big and affects mice's mobility. To evaluate how much longer the implant can work, and correlate the study of doxorubicin cardiac toxicity (see cardiac toxicity discussion below) with the plasma concentration, we changed the experimental setting to extend the test longer, as shown in Figure 5 . 15 Balb/C mice were used in this time lined study, and 2 × 10 4 4T1 cells were injection at day 0. The STID 100 implants were placed 3 days later in the 5 mice implant group with a 2 nd anesthesia procedure. The IP doxorubicin group included 5 mice. The dosing were 2 mg/kg IP each time starting Day 3; 3× per week for the first 2 weeks, then 1× per week thereafter, total Tumor size calculated as length × width × width/2. Data points represent the average tumor size measured at the corresponding days. (#) Number of mice in the group from 5 different tests. IV-PBS, groups that received phosphate buffered saline (PBS) injection in tail vein. IV-Dox, groups that received doxorubicin injection at tail vein. STID102 and STID100, groups that received STID102 and STID100 implants respectively. Table 2 . Measurements of STID 100. Membrane diameter and thickness is measured after the doxorubicin-PLGA is dried. The implant diameter and length is measured after the implant is made from the procedure in 14 mg/kg, or 280 mcg per mouse. 3 mice in the IP-PBS group received the PBS injection with the same schedule. The tumor inhibition was by 21 days was 67% for the STID100 group, and 42% for the IP doxorubicin group. The tumor suppression by STID100 was significant into the middle of 4 th week, but started showed signs of wearing down in the middle of the 4 th week, shown in Figure 5 . Doxorubicin plasma concentration was on day 8, and day 15, 2 hour post IP dose of doxorubicin; then again 24 hour post of day 15 dose in the IP group. The blood was collected by the right retro-orbital puncture from one eye from all the 15 animals on Day 8. One Day 15, the contralateral eye was used for the blood collection. 24 hour later, the right eye was used once more. The bleeding was stopped by gentle pressure and all animals recovered well after the 3 blood collections. The control and implant groups showed no detectable doxorubicin (consistently below our instrumental limit of 1 ng/ml). In contrast, IP-doxorubicin group showed average plasma doxorubicin concentration of 15.9 and 16.2 ng/ml at 2 hour post IP dosing, on day 8 and Day 15 respectively. The numbers are consistent with most literatures. For example, Johanson et al reported a plasma doxorubicin concentration of 100 ng/ml 2 hour post IP doxorubicin dosing of 12 mg/kg. For the Day 15 time point, the average plasma doxorubicin concentration then drop to 4.8 ng/ml 24 hour later, consistent with the literatures that the 1/2 life of plasma doxorubicin is 8 hour [26] . The STID100 group mostly had no detectable plasma doxorubicin, except one mouse. That mouse had an abnormally high doxorubicin concentration at day 8, but no detectable plasma doxorubicin signal at day 15 both 2 hour and 24 hour post dosing.
The time lined study was ended around day 24, when the tumor in the each group reached to the mass that affects the animal's mobility. Doxorubicin in tumor were extracted and measured by fluorescence. The STID100 group showed a highest concentration of 0.081 µg/g, no significant different than the IP-doxorubicin group's 0.071 µg/g, but is significantly higher than the IP-PBS group. The IP-PBS group showed a signal of 0.057 µg/g, near lower limit of quantification LLOQ of 0.0375 µg/g (background signal of the tissue extract when measured with the fluorescence). The most important finding is that all the measured tumor concentration is 10 fold less than that of the target of systemic doxorubicin treatment. Most workers reported 1 -10 µg/g doxorubicin concentration as adequate part of area under the curve AUC for cancer treatment, anything below 0.1 µg/g usually is treated as clinically irrelevant
At the time of 21 days, most of the STID100 was easily located around the tumor and easily removed. The examination of the dissected tissue around the implant found most animals had no tissue irritation as well. There were no signs of local tissue bleeding, swelling, or signs of hardening or fibrosis. Most of the implant actually grew into the growing tumor and was encased in visible tumor septa. Most of the time, it curved around the tumor, assuming the contour of the growing tumor, as if the implant coexisted with the tumor nicely (picture available upon request). In one test, the doxorubicin measurement of this batch of pre-implants was average about 877 mcg, at the time of day 21, the post-implants contain an average of 206 mcg of doxorubicin, 23% of the pre-implant. In the test in Figure 5 , at day 24, only 2 out of 5 implants were retrieved intact, they were noticeably smaller. The rest of them either none exist or easily fragmented during dissection, suggesting the acceleration of the implant degradation after day 21. Assay of the doxorubicin contents of the 2 intact post-implants showed an average 22% of that of the pre-implants.
The overall shape and dimensions of the 21 days post-implant were not much smaller as shown in Table 2 . The average weight is about 1.5 times that of the pre-implant, likely hydrated with tissue fluid. The volume is 3 times that of the pre-implant stage. There was some wearing down on the surface, but overall insignificant degradation was noticed. The implant then was cut longitudinally, and examined under microscopy. Compared to the implant that has not undergone 3 weeks of subcutaneous implantation, there were tears and degradation. Overall, the multilayered structure is still there. There are even chambered spaces intact corresponding to the air space (picture available upon request).
During the dissection for STID102, we had a hard time finding anything remotely resembling our initial implant. Examination of the implant placement site near the tumor after 3 weeks found that the implant is mostly degraded; some of it had totally disappeared. There were colored patches of tissue that might be a remnant of the implant. The cylinder implant was completely unrecognizable. (This is strong evidence that the layered structure is vital to the durability of the implant under physiological subcutaneous conditions, and contributes to the extended release profile and tumor suppression ability.)
One of the most frequent sites that 4T1 metastasize is the lung. After 21 days, the lung tissues of the 3 groups were dramatically different. The IV-PBS control group had the most diseased looking lungs, with numerous tumor nodules. The STID100 group had almost normal, healthy-looking lungs, and the IV-Dox group is somewhere in between. The gross eye count of metastatic lung nodules is summarized in Table 3 . Pathological examination of lung tissue slides semi-quantitatively counted the tumor foci per view, and confirmed the overall gross tumor count. Although a more detailed microscopic quantification with software for internal control was not performed at this time. Microscopic examination also showed the PBS control group had the most frequent rate of tumor thrombosis, a much less frequent finding in the IV-Dox group. The tumor thrombosis was absent in the implant group. Judging from these observations, the STID100 implants suppressed the tumor metastasis significantly.
Weight is a measurement for an animal's general well-being under chemotherapy conditions, and is recorded in our experiment. As shown in Table 3 and Table 4 , the control group, STID100, and STID102 groups are all gaining more than 2 g of weight over the course of the 21 day treatment. At the end of experiments, the average weight in the IV-Dox group receiving 320 mcg of doxorubicin is significantly lower than the other 3 groups, and is actually the only group that lost weight. Note that an ANOVA analysis of the weight of 4 groups of 51 animals at the end of the 3 weeks yields a significance of P much less than 0.001. The time lined study in Figure 5 and Table 5 best illustrated this observation. As the tumor grew, the STID100 and IP-PBS gained weight steadily, while IP-Dox group gradually lost weight.
Another measurement of an animal's general well-being is the size of its spleen. Generally, the bigger the spleen size and its weight, the more stress it might have. As shown in Table 3 , the control group has the biggest spleen size, consistent with the fact that rapid tumor growth does have systemic stressful effects. IV Dox group reduced tumor growth, thus decrease the stress, consist with report from Desai et al and others. The STID100 group has the lowest spleen size and weight, closest to normal (without any treatment).
The heart tissues from the 3 groups were examined at day 21 and none had any signs of increased heart size or any abnormalities. Under microscopy, all heart muscle fibers and z-line organizations are similar. The microscopic examination is not sensitive or specific enough to detect any significant differences among the 3 groups for doxorubicin cardiac toxicity at day 21 with 16 mg/kg doxorubicin. At day 24 in the time lined study, the mouse cardiac troponin I level was measured in Table 5 . LLOQ is the lower limit of quantification. For plasma doxorubicin determination, LLOQ is 1 ng/ml. For tumor doxorubicin content determination, LLOQ is 40 ng/g. LLOQ for plasma troponin level is 69 pg/ml. 
Discussion
This is a first report of construction of a cylindrical extended release doxorubicin implant built on a PLGA based multilayer structure and deposited near a solid tumor. The implant suppressed its growth and metastasis without systemic side effects of weight loss or splenomegaly. Also, we demonstrated that the multilayer membrane solid implant stayed in a mammal body for 21 days, and was retrieved with much of the multilayer structure intact and released twice the amount of systemically administrated doxorubicin with no detectable drug in plasma, or cardiac toxicity. Its degradation accelerated after 21 days, and was totally absorbable shortly after its intended therapeutic window. It is important to point out that the favorable safety profile of no weight loss, splenomegaly and cardiac toxicity is time lined with the plasma study in the same animal. The evidences reinforced each other and increased the statistical significance. In doing so, we identified the critical technical factor, which might be its ability to maintain its structural integrity under 37 degrees C temperature for that period of time. We have reason to believe the unique design and construction of the STID contributed to its success.
Overcome Burst Release
To mix doxorubicin with PLGA and place it near a tumor as cancer treatment is not a novel idea [13] [27] [28] . Our premise of layered membrane sought to overcome the technical challenge of the initial burst release of doxorubicin impregnated PLGA. Many of our failed early tests, for example STID102, indicated that simple construction of a cylinder implant from layered membrane is not enough. The initial burst release often is exacerbated when the implant is placed in vivo. The in vitro tests often fail to predict the in vivo results [5] . That is why we use the in vivo test to screen the working device solely. The same early test also suggested that to effectively suppress tumor growth locally, delivery of doxorubicin has to be at sufficient amount, but sufficient time is needed and might be more important [19] . That probably is why, despite the theoretical attractiveness of local chemotherapy, and despite the many commercially available extended release vehicles, the number of implants that can successfully treat the solid tumor locally is very limited. Interestingly, STID100 is an incidental finding. But as soon as we realized it, it quite reliably reproduced the tumor suppression. Also the around 77% doxorubicin release during the 3 week period is quite consistent in multiple preparations. This is a smooth extended release, good technical end point for any PLGA impregnated drug release device, likely due to the multilayer membrane construction. More tests are needed to further validate how closely the release is following the proposed equation.
Temperature is the Key
A comparison study of STID100 and STID102 gave hints that the temperature at which the dissolved polymer mixture consolidates and forms into the membrane might be the critical technical element. More tests are needed to answer the question of why the temperature of membrane formation is important. One speculation is that the temperature influences the orientation of the polymers when they solidify onto each other, and consequently made it more durable. Therefore, we have the hypothesis that the membrane thus made had a special mechanical character that maintained its air layer, and the maintained air layer played a role.
Air Pocket is Important
Theoretically, this might make sense as shown in Figure 2 . Once placed inside the mouse tissue and in a closed wound, the tissue fluid will start to infiltrate the implanted structure. The oxygen in the air pocket between the layers will be absorbed quickly, leaving still 80% of the volume of nitrogen still trapped in an air pocket. Due to the capillary effect, the thin nitrogen layers will be truly trapped and will take time to be absorbed. This will slow down the tissue fluid's infiltration of the inner layer of the structure, thus making the overall structure more durable. Thus, with STID102 providing more sticking points between the membrane layers, the tissue infiltration can have more access to the inner membrane of the construct with those contact points. And the air pocket in STID102 might be more divided and more easily be infiltrated and absorbed.
An added benefit of the layered structure is the protection of the drugs in the inner part of the STID implant. This is a key feature that differentiates STIDs from most of the extended release vehicles on the market. A uniformed solid implant, such as the wafer implant from Gliadel [12] , will be subject to tissue fluid infiltration as soon as it is deployed. With one inter-material cross section, the infiltration of the most inner part will be com-plete in a matter of minutes to hours. All the drugs will be subject to some kind of erosion by the 37 degrees Celsius tissue fluid for the entire extended release period. With multiple inter-material interfaces and air pockets, the speed of tissue fluid's infiltration of the inner side of the implant will be greatly impeded. For most therapeutics, a day's or weeks' time of staying dry inside a totally biodegradable implant is a huge advantage in retaining its efficacy. We are in the process of quantifying this protection. At this time, we have no proof STIDs' insides stayed dry, or how long they stayed dry. Further tests are planned to answer this question. Table 1 is a comparison of STIDs with other major commercial vehicles for extended release on the market [15] . Detailed pro and con analysis for each technology is beyond the scope of this publication, but a brief examination of the physical perimeters of each technology shows that the STID is the only one that has the theoretical potential of protection inside the construct.
Low Plasma Doxorubicin of the STID100 Implant Correlated with Safety Profile
In the time lined study Figure 5 and Table 5 , the weight loss in IP group is correlated with the rise and fall of plasma doxorubicin to each animal to each particular day. For example, Day 8 and 15, post 2 hour dosing, the plasma doxorubicin concentration rise to 15.9 and 16.2 ng/ml, a nice tight data range, suggesting the IP dosing and blood collection are well run. The figure is similar to many published data. It dropped to 4.8 ng/ml, in 24 hour, again consistent with the plasma 1/2 life of IP doxorubicin of 8 hour [29] . In designing the time lined study, we speculate that the STID100 system release is close to a zero order profile in releasing the drug locally, supported by the evidence that a significant 23% of doxorubicin left at the end of the 21 day test. And tumor suppression started early and is maintained well throughout the 21 day period from the tumor growth curve (Figure 4 and Figure 5 ). We were suspecting a low but detectable plasma doxorubicin concentration to substantiate the zero pharmacokinetic. The lack of detectable plasma doxorubicin during the height of the tumor suppression of Day 8 -15, is a surprise, and is vigorously tested in a GLP laboratory setting. The LLOQ of HPLC-MS for plasma is 1 ng/ml, better or equivalent to most published work.
The IP-doxorubicin group registered a low level of doxorubicin in tumor 3 days after last IP dosing of 2 mg/kg. This is consistent with many published works. For example, Laginha et al. observed a tumor doxorubicin rose to around 2 µg/g after an IV dosing of 9 mg/kg, then quickly drop below detectable level in 48 hours [25] . The low tumor doxorubicin concentration in the implant group is yet another interesting finding. Maybe part of the reason is that the implants started to disintegrate rapidly after 21 days. We could find only 2 out of 5 implants at day 25, and they are all smaller. The tumor growth after 21 days was accelerating (Figure 5) , suggesting less doxorubicin is being released. Incidentally, this might be an adequate technical perimeter for STID100. A rapid disintegration of the implant after the intended therapeutic window might be more preferable than a long slow release of its remaining chemotherapy agent, not enough to have chemotherapy effect but raise the risk of mutagenesis.
Maybe the tumor in the implant group never had the concentration of doxorubicin as high as the bench mark, when doxorubicin is administrated systemically. Or the implants established a sharp zone of drug gradient near the surrounding tissue, and drop very quickly further away from the surface of the implant [16] [18] . Or the pharmacokinetic measurements will be vastly different from the systemic administrated route in other possibilities [21] . Yet this leads to another striking question: during those 21 days, close to 700 mcg of doxorubicin was released from the implant, twice that of the IV group. This begs the question: where did this significant portion of doxorubicin go? What did it do to the mice? A well designed time course study might be needed find the answer and beyond this scope of this report.
The well correlated time lined measurement data suggests that the implant released doxorubicin mostly locally, and very few will find its way to the systemic circulation. Showed in Figure 5 , at day 8, and 15, the implants are at its height of tumor suppression, the doxorubicin concentration is below detection level, consistent with the finding of lack of increased cardiotoxicity in the implant group. If we assume that doxorubicin's cardiac toxicity is dose-dependent, the overwhelming evidence is that the implant mice's heart tissue sees far less than the 700 mcg dose released.
Part of it will probably find its way to blood circulation, but not at high enough concentrations in the blood to cause cardiac toxicity or suppress weight gain. Part of it is likely to stay in the connective tissue around the implant, where the blood flow is low compared to the perfusion-rich organs (i.e. muscle). Given the fact that doxorubicin tends to migrate to cell nuclei after absorption; some kind of sink effect might exist as well. One thing is for sure though: the PK of doxorubicin with subcutaneous implants is quite different from that delivered through IVs.
The observation of splenomegaly, together with metastatic cancer nodules in the lung, is quite consistent in findings in all the independent tests. Better suppression of primary tumors, better lung condition, and smaller spleen sizes are consistently observed. Most likely, the released doxorubicin in the breast fat pad area are all piped through the same venous or lymph circulation system, as are those of the broken-off cancer cells. The implant can sustain a high enough doxorubicin locally in those tissue and vessel system that some of the cancer cells are killed while going to distal organs.
An Ideal Pharmacological Paradigm Achievable
The metastasis data is circumstantial evidence that the lymphatic region of the mouse body has high concentrations of doxorubicin after STID100 placement, and tissue extraction is needed to determine its concentration and provide concrete evidence. Weighing the all evidence at this point, an ideal pharmacological paradigm emerged. Figure 6 is the working hypotheses to explain all our experimental findings regarding the pharmacokinetic and pharmacodynamics of the STID100. The physiological connective tissue of a tumor and its surroundings is in the low blood flow organs. This is the target of our implant. The combination of low blood flow plus extended release together created a physiological space where the doxorubicin concentration is highest and suppresses tumor growth. Then the doxorubicin is piped into the lymph drainage system, where the drug concentration is lower than the tumor site but high enough to suppress the metastatic tumor cells. The systemic circulation is where the drug is continuously piped into next, with even lowers concentration. Then another decrease of doxorubicin concentration occurs when it enters the rich blood flow organs such as the brain and heart. The concentration of the drug is so low that we do not see weight loss or cardiotoxicity. Finally, it is secreted or eliminated through bile or the kidneys.
This model is quite different from the IV infusion model, which mandates a high front load of drug concentration in systemic circulation. It will quickly saturate the rich blood flow organs, also known as vessel rich tissue [30] , like the heart and brain, with high enough concentrations to cause damage. Then it saturates tumors in the poor blood flow organs, the target of the therapy, with lower concentration likely depend on the extend of the delay and drug affinity to the tissue. The drug concentration goes down further when it reaches the lymphatic system, where some tumor cells escape to metastasis. Finally, secretion or elimination occurs through bile or the kidneys.
The working model illustrates a unique attractiveness of the regional chemotherapy if an implant can be engineered to deliver to both spatial and temporal specification, as shown in this study. The implant puts the highest concentrations of drugs where they needed the most, which are poor blood flow organs (which includes most solid tumor) and the lymphatic drainage system (where metastasis quite often involves). The blood-rich organs, where most of the bad systemic side effects occur, are protected by dilution of the drug in the circulation system. This working hypothesis is consistent with some recent regional cancer therapy research. Shikanov, et al., injected a semiliquid extended release polymer loaded with Paclitaxel to an orthotopic R3327 rat prostate tumor, which inhibited the prostate tumor and its metastasis to lung and lymph nodes for 25 days [28] . Liu, et al., placed a gelatin sponge with PLGA microspheres containing Paclitaxel near orthotopic rat lung cancer, and found that during a 14 -32 day period, the mediastinum lymph nodes have higher area under the curve AUC drug and fewer metastatic tumors than IV treated tumors [31] . Both of the two studies bear similarities to our report. The polymer released the chemotherapy agent for about 3 weeks; a single placement; most drugs released locally; and suppressed both the primary tumor and its metastasis. There is also growing evidence from animal and human studies that doxorubicin formulated with liposomes or nanoparticles have a higher preference to target lymph nodes or lymphatics [32] .
Change the Benefit vs Risk Profile of Doxorubicin, Other Chemotherapy Agents, Rescue Pathway for Experimental Stage Chemotherapy Agents
Currently, surgery and IV or oral chemotherapy is still the mainstream delivery method for cancer treatment. But, if STIDs can deliver close to the pharmacological paradigm as outlined above in a human body, they might improve the benefit vs risk ratio of doxorubicin dramatically in a specific anatomical region. Just a rough estimation: since STID delivered 2 × IV dose with better primary and metastatic tumor suppression without systemic effect, the benefit vs risk ratio increased by a factor of 2. For an older chemotherapy agent such as doxorubicin with many side effects, a higher dose might be used in some breast cancer situation and prevent its metastasis than currently possible with IV infusion. A combination of STID100 with systemic chemotherapy agents is also an attractive breast conservation option for some aggressive cancers post-surgery resection [33] [34] . Given the simplicity of the STID construction, STIDs containing new agents such as gemcitabine, Taxol, or even immunotherapy agents are theoretically possible with even better benefits and risk differentiation. Even though there are exciting progresses made fighting solid cancers, it is still widely believed that we still need all the tools we can get in the near future. For example, with the wider and longer clinical usage of the newest immunotherapy cancer agents, more and more of their systemic side effect are reported [35] [36] . Any regional therapy version with improved benefit risk calculation might still be useful. Intuitively, all implant delivery platforms, many are not listed in Table 1 , thrive to the ideal pharmacological paradigm. What special about STID100 is its efficacy, side effect, and pharmacological profiles are closest to the ideal, as far as we know. With the simplicity of construction of the multilayer membrane, it is not a stretch to imagine future research might produce more STIDs, or regional chemotherapy implants in general, closer to the ideal pharmacological paradigm. We hope this report demonstrated to the absorbable implant community that the ideal pharmacological paradigm is achievable and the improve benefit and risk profile calculation might be a benchmark for implant devices in the future.
One potential of STID's application in cancer field is metastasis prevention. Beside the breast cancer situation discussed before, it can be useful for solid cancer with predictable origin. For some slow growing prostate cancers, if a single deposit of an STID can retard the cancer growth or its metastasis, it will be welcome news for frail patients who are physically not fit for surgery or chemotherapy [37] . Even the most benign radiation therapy can exhaust an advanced-age patient, or one who has much co-morbidity. Younger patients who want to avoid the sexual side effects of hormone therapy also benefit. Combination of STID with systemic chemotherapy to achieve a better synergistic effect in a region of the body might be another area of wider application. A logical extension is the rescue of many experimental stage chemotherapy agents, many of which are terminated due to unacceptable systemic side effect. But a change of delivery system, or benefit and risk ratio regionally might offer new usage for those agents, if the ideal pharmacological paradigm is followed [38] .
Chronic and acute pain management also have unmet demand that regional therapy can be of great help. Steroids injection has been the choice of treatment for many lower back pains, but is mostly a single shot procedure. The spill over injected steroids to systemic circulation causes weight gain, transient hyperglycemia, and bone loss, thus limit how many shots a patient can get in a year. Local anesthetic injection for terminal cancer pain, phantom limb pain, complex regional pain syndromes, etc, lasts hours to days typically, with the risk of life threatening overdose [3] [39] . STIDs of steroid or local anesthetics lasting week with minimal systemic blood concentration might greatly improve the treatment for those patients. By introducing the multilayer membrane
